The composition, stability and biotic factors of social rank in the schools of juvenile marine fish are demonstrated, using juvenile yellowtails Seriola quinqueradiata (Temminck et Schlegel: Carangidae). According to the frequency of aggressive behaviour, members within a school were divided into three categories; dominants (10-20 %), intermediates (10-20 %) and subordinates (60-80 %). Social rank was reset with the same composition of hierarchy when dominants and intermediates were gathered. Observation of individual aggressive behaviours using video image analysis system revealed that starvation and an increase in fish densities accelerated only aggression of dominants. In order to determine the durability of social rank, otoliths of dominant fish in 8 experimental groups were labeled and the fish were returned to their groups. Six labeled dominants appeared after one day and three after one week rearing, respectively, indicating that social rank was maintained for at least one week (binomial distribution; p<0.05). Total lengths of dominants were larger than those of subordinates in one day rearing, whereas dominants were smaller in one week rearing. Social rank of this species is decided upon by individual aggressive tendency, but is not beneficial for feeding or growth.
Introduction
Many fish species develop social responses to conspecifics as schooling behaviour in their early life stages (Noakes and Godin 1988) . Schooling behaviour is closely associated with survival in the wild through its functions in foraging enhancement and predator avoidance (Hamilton 1971; Noakes 1978; Magurran 1990; Pitcher and Parrish 1993) . Recently, the presence of individual differences in the behaviour of members of fish schools, such as positioning among individuals, are reported (Magurran 1993; Pitcher et al. 1982) , although long considered to be egalitarian and leaderless societies (Breder 1954; Shaw 1962; Shaw 1978) .
The inconsistent behaviours, schooling behaviour and aggressive behaviour, appear simultaneously in the juvenile stage of the yellowtail Seriola quinqueradiata , which is a highly migratory marine species and one of the most important commercial species around Japan (Sakakura and Tsukamoto 1996) . Previous studies claimed that there is individual difference in aggressive behaviour among the school members (Sakakura and Tsukamoto 1996) , and that a social rank is present in the juvenile schools of this species (Sakakura and Tsukamoto 1997a; Sakakura et al. 1997) . Since aggressive behaviour and social rank can cause a high mortality in fish culture including yellowtail (Hecht and Pienaar 1993; Imaizumi 1993) , there is a need to understand the mechanism of the social rank in the early life stages of this species. However, little is known of the detail of the social rank in the juvenile yellowtail schools, such as composition, stability and environmental factors.
In this study, we examined the composition, stability and environmental factors on social rank in a school of the juvenile yellowtails, by observing school members individually. We use the term 'schooling' in the sense of a polarized synchronized swimming group (Pitcher 1983) .
Materials and Methods Experimental Fish
Three batches of juvenile yellowtails were used in this study in year 1992, 1993, and 1995. Yellowtail were matured artificially by human chorionic gonadotropin injection and were allowed to spawn naturally in a 90-m 3 indoor tank at the Goto station of the Japan Sea Farming Association (JASFA) in Nagasaki Prefecture. Fertilized eggs were maintained in a 0.5-m 3 tank, and after 2 days, approximately 1,000,000 larvae were obtained (April 30, 1992; April 24, 1993; May 10, 1995) . Two days after hatching (day 2), larvae were transferred to a concrete rearing pond (90 m 3 ). Larvae were fed with the rotifer Brachionus plicatilis cultivated with Nannochrolopsis sp. between days 3 and 20, with newly hatched Artemia salina nauplii enriched with feed oil (Riken feed oil, Riken Co.) between days 7 and 24, and with dry pellets (for fish 1992, Larval fish feed, Nissui Co.; for fish 1993 and 1995, C-400 and C-1000, Kyowa Co.) from day 22 until the end of the experiment. Water temperature ranged from 22 to 24°C under natural light conditions.
Experiment 1: Social rank
One-hundred fish of comparable size (total length, TL ± SD, 23.7 ± 2.5 mm) were selected from the rearing pond (day 39, 1993) . Ten fish were transferred to each of ten white round experimental tanks, each containing 10-L seawater (30 cm in diameter, 12 cm in depth). The tanks were kept in a water bath at 22°C under natural light conditions.
After one hour of acclimation, the behaviour of fish in each experimental tank was observed from above for a duration of ten minutes, and the first series of aggressive fish (1 to 3 fish per tank), which showed an incidence of chase behaviour toward another fish more than 5 times·min -1 as an index of aggressive behaviour (Sakakura and Tsukamoto 1996) , were quickly scooped out by a hand net. These fish were held thereafter in a 2-L white plastic beaker with aeration. Four hours after removal of the first group of aggressive fish, a second series of aggressive fish (1 to 3 fish per tank), which appeared after the removal, were also taken out of the tank in the same manner as described above and pooled with the first group of aggressive fish. The behaviour of fish in each experimental tank was observed for an additional hour after which the remaining fish were anesthetized in MS222 and preserved in buffered solution of 10% formalin in seawater.
A total of thirty aggressive fish pooled in the white beaker during first and second series of treatments, were transferred to a white round tank (35 cm in diameter) containing 30-L seawater. After one hour of acclimation the first group of aggressive individuals, termed 'dominants' were removed immediately by a hand net. Four hours after this treatment, the second group of aggressive fish, termed 'intermediates', were scooped out in the same way. The fish remaining in the tank were termed as 'subordinates'. The fish of all categories were anesthetized with MS222 and preserved in a buffered solution of 10% formalin in seawater, followed by TL measurement using a caliper.
Experiment 2: Effects of starvation and density Fish used for this experiment were randomly sampled from the rearing pond with a 13-L bucket, and 20 fish were selected to minimize size variation (20.3±2.7 mm, day 39, 1992) . Fish were introduced into three experimental tanks using a white 1-L plastic beaker at 7:00am as follows: the first tank contained five fish (1 fish L -1 ) which were fed with sufficient artificial diet (Larval feed, Nissui Co.) with 4 hours intervals (control); the second tank containing five fish (1 fish L -1 ) were kept starved for 12 hours (starved); the third tank consisted of ten fish (2 fish L -1 ) fed sufficiently for 4 hour intervals (high density). Sufficient feeding was estimated from a typical expansion of belly size. A density of 1 fish L -1 corresponded roughly to the mean density of juveniles in the rearing pond. After acclimation for 12 hours, the behaviour of fish in each tank was recorded from above by an 8 mm video camera (Handycam CCD, Sony Co.) for 60 minutes simultaneously. After observation, all fish were anesthetized with MS222 and TLs were measured.
The experimental tanks used were white round tanks containing 5-L of seawater (30 cm in diameter, 7 cm water depth) immersed in a water bath at 22°C. Lighting was provided by a video lamp (Brom Cine Light, LPL Co.) at 2000 lux throughout the experiment. Both water temperature and light intensity were adjusted to match those of the indoor rearing pond at noon in good weather.
The individual fish on the video recording of each tank were discriminated by a video image analysis system (LA525, PIAS Co.), which recognizes fish from their background by thresholding of brightness. The behaviour of each individual fish was traced throughout the all video recordings (60 min). "Chase" behaviour as an index of aggressive behaviour (Sakakura and Tsukamoto 1996) was counted individually, and the mean frequency of aggressive behaviour (count min -1 ) of each fish was obtained.
Experiment 3; Stability of social rank
One thousand juveniles (TL ca. 50 mm) were transferred from the rearing pond to a round black poly-carbonate tank containing 500-L seawater on July 10, 1995 (day 66). Fish were kept as a stock in running seawater (25°C, flow rate 8 L·hour -1 ) and were fed a commercial diet (C-1000, Kyowa Co.) at a rate of 3% of the body weight, three times per day.
Eight white round tanks (35 cm in diameter) containing 20-L seawater were set up in a water bath at 25 °C and aerated. At 5:00pm on July 19 (one-day experiment) or July 11 (one-week experiment), a total of 80 fish from the stock tank were introduced into the experimental tanks (10 fish tank -1 ) and were acclimated for one hour. Based on a 10-minute observation of each tank, the most aggressive fish (dominant), with the highest frequency of chase behaviour, was identified and removed by a hand net (first treatment). According to Tsukamoto (1988) , the dominants were labeled individually in 400 ppm of ALC (Alizarin complexone; Wako Co.) in another group of 8 separate tanks (30 cm in diameter, 20-L) for 15 hours. The following morning at 9:00am, the dominants were again returned to the previous tanks from which they originated. Otolith marking can be almost only one method applicable for marking of larval and juvenile fishes in behavioural experiments, because this treatment is known to not affect on fish behaviour, growth and survival (Tsukamoto 1985 (Tsukamoto ,1988 .
In the one-day experiment, fish in all the experimental tanks were fed with the commercial diet (C-1000, Kyowa Co.) at a rate of 3% of the b.w. at 10:00am one hour after reintroduction of an ALC-labeled individual, and acclimated for 6 hours thereafter. We observed fish in each tank for 10 min, and scooped the dominant fish from each tank with a hand net (second treatment) and anesthetized them with MS222. The dominant fish and the fish remaining in the experimental tanks were anesthetized in MS222 and preserved in 90% ethanol in order to prevent degradation of otoliths (Brothers 1984) .
In the one-week experiment, all experimental fish were fed the commercial diet (C-1000, Kyowa Co.) twice a day (10:00am, 4:00pm) at a rate of 3% of the body weight. Half volume of the seawater was exchanged with fresh seawater after every feeding time. Fish were reared for one week; then the dominant fish of each tank were identified and scooped by a hand net, and all fish preserved as in the one-day experiment.
The TLs of the fish of both experiments were measured using a caliper and sagittal otoliths were also extracted. ALC label in the otolith was examined under a UV-light microscope (Tsukamoto et al. 1989) . Binomial distribution was carried out to determine the theoretical possibility that the dominant fish at the second treatment coincided with the dominant fish with the ALC marking in the first treatment for both the one-day and the one-week experiments.
Results

Experiment 1
Fish showed typical schooling behaviour as well as chase behaviour in all tanks. Numbers of the first series of aggressive fish were one to three fish (10 to 30 %) from each tank, and the mean number ± SD was 1.4±0.7 fish (14.0±6.6 %, n=10). Second series of aggressive fish appeared 10 to 60 minutes after removing the first series of aggressive fish. Second series of aggressive fish were found at same numbers (1 to 3 fish, 11.1 to 42.9 %), and mean aggressive fish number ±SD was 1.6±0.8 (9.1±10.8 %, n=10). There was no significant difference between aggressive fish occurrence at the first and second observation (T-test, t = -1.22, p=0.24). After the second observation, no further aggressive fish were noted. No significant difference was found between TLs of aggressive fish (23.5±2.1 mm, n=30) and non-aggressive fish which remained in the experimental tanks (23.8±2.7 mm, n=70; T-test, t = -0.58, p = 0.57).
In the experimental tank where 30 aggressive fish were introduced, we found three categories: dominants (the most aggressive fish which showed chase behaviour over 5 times min -1 ), intermediates (the secondary aggressive fish which appeared after the removal of dominants), and subordinates (non-aggressive fish). The occurrence ratio of dominant was 13.3 %, that was around the same value of the previous treatment (14.0±6.6 %). The occurrence of intermediate was 23.3% and subordinate was 63.4 %, respectively. There was no significant difference of TLs among dominant, intermediate, and subordinate fish (ANOVA, df= 2, F = 0.88, p = 0.43).
Experiment 2
Fish showed typical schooling behaviour in all tanks and sometimes aggressive behaviours were observed among individuals in the schools. From the frequencies of individual aggressive behaviours (Fig.1) Dominant occurred at 20% and intermediate appeared 20 to 40 % from total fish among each experimental tank. TL of dominant was the second largest fish in control and starved, and was the second and fifth largest in high density (Fig.1) .
Experiment 3
In the one-day experiment, six labeled fish were found from the 8 dominant fish of second treatment (75%; Table 1 ). The theoretical possibility was p=0.000023, indicating that dominant fish at first treatment coincided with the dominant fish at second treatment significantly (p<0.01; Table 1 ). Mean TL of dominants (63.1±6.8 mm, n=8) was significantly larger than that of subordinates (58.4±5.9 mm, n=72; T-test, t = -2.13, p<0.05; Table 1 ).
In the one-week experiment, three of 8 dominant fish (37%) had ALC label (Table 1 ). The theoretical possibility was p=0.038, indicating that dominant fish at first treatment corresponded with the dominant fish at second treatment significantly (p<0.05; Table 1 ). TLs of dominants (54.4±7.1 mm, n=8) was significantly smaller than those of subordinate (59.4±5.9 mm, n=72; T-test, t = -2.22, p<0.05; Table 1 ).
Discussion
The most significant findings in our study are that: (1) the presence of a social rank in the schools of juvenile yellowtails with dominance hierarchy, (2) occurrence of each component of dominance hierarchy at a constant ratio based on a relative strength of individual aggressive tendency, (3) biased effect of environmental factors only on aggressive tendency of dominant fish, and (4) comparatively long duration of social rank for more than one week, are firstly demonstrated among the school of highly migratory marine fish juveniles.
Composition of social rank
Our results reflect not only the presence of social rank in a school of juvenile yellowtails, but also the presence of individual difference in aggressive tendency, as reported in schools of Midas cichlid Cichlasoma citrinellum (Francis 1990) . In all experiments, aggression was observed toward fish belonging to lower rank one-sidedly. Therefore, the social rank of this species resembles the 'peck order' of chickens (Schjelderup-Ebbe 1935) , and is coincided with a social rank of rainbow trout Oncorhynchus mykiss (Abbot et al. 1985; Yamagishi 1962) in which territoriality and competition for limited space and food resources are concerned.
The social rank of juvenile yellowtails were divided into three grades: dominant (10~20 % of a fish group), intermediate (10~20 %) and subordinate (60~80 %) with constant ratio, respectively (Experiment 1 ~ 3). It is noteworthy that even when aggressive fish (dominant plus intermediate) gathered in one tank social rank appeared with same ratio components in one hour (Experiment 1), suggesting that the social rank of juvenile yellowtail is decided upon the relative dominance hierarchy between the members in a school.
In the experiment 3, the dominant fish were re-introduced into the previous tanks after 15 hours isolation for marking, although this isolation period included about 11 hours nighttime when juvenile yellowtails stop swimming and agonistic interactions . During this period, a new hierarchy seems to be established in a short time less than one hour after removal of a dominant fish, since aggressive behaviour and social rank occurred in 15 min when fish exposed to a new environment in Betta splendens (Bronstein 1988) . However, most of ALC-labeled dominants at least in one-day experiment (Table 1) , destroyed a possible new hierarchy and reestablished the former social rank again, when returned to the previous tank after 15 hours isolation. This also supports the presence of individually different aggressive tendency which decides the social rank in a school.
No agonistic interactions were observed among the subordinates after the removal of dominants and intermediates (Experiment 1). It is reported that subordinates hardly become dominants despite the removal of dominant fish because of learning the position in social rank, as e.g. in European eel Anguilla anguilla (Knights 1987) , paradise fish Macropodus opercularis (Francis 1983 ) and rainbow trout (Abbot et al. 1985) . The social rank of yellowtail may be decided upon not only individual aggressive tendency and relative aggression strength between school members, but also learning position in a school.
Biotic factors such as starvation and high-density only accelerate the aggression of dominant fish, but do not affect on those of intermediate and subordinate fish (Fig.1) . No size advantages were observed between dominants and subordinates (Table 1) . These results indicate the presence of individual difference in aggressive tendency in juvenile yellowtails, which is not strongly affected by body size in the same body size group.
Stability of social rank
There are few studies on the stability and durability of social rank in fishes (Elwood and Rainey 1983; Oliveira and Almada 1996) . The instability of social rank for long period (1 to 4 weeks) is reported in cichlid fish Oreochromis mossambicuss (Oliveira and Almada 1996) , whereas stability in 5 days is reported in green sunfish Lepomis cyanellus (McDonald et al. 1968) . Stability of dominant yellowtail was statistically one week (Table 1) , which is firstly revealed in a school of juvenile marine species.
In one-day experiment, almost all the dominants were also previously dominant fish and were larger in size, whereas hierarchy relatively changed after one week and TLs of both previous and new dominants became smaller (Table 1 ). This result indicates that social rank of this species is not stabilized strictly and has some flexibility to experience a rank reversal within dominant and intermediate fish in long-term period. The reversal of social rank will be caused by relationships in relative physical strength of fish, in which dominant tend to loss much energy in long-term by chasing other fish resulting in depression of growth rate, and intermediates have a chance to come over the previous dominant.
Social rank in wild and rearing conditions
In wild condition, juvenile yellowtails aggregate to drifting seaweeds in current rips with uniformed body size (Uchida et al. 1958; Sakakura and Tsukamoto 1996) and age (Safran 1990; ). These juvenile yellowtails forage pelagic copepods and fish larvae which do not associated with drifting seaweed (Anraku and Azeta 1965; Sakakura and Tsukamoto 1996) . Therefore, juvenile yellowtails of one school under a drifting seaweed mass are in scramble-competition over the food (Wooton 1990) , in which the drifting seaweed is not functional for the food resources and the base for territory. Moreover, there were the reversal of social rank (Experiment 3) and weakness in size advantages in this species (Experiment 1 and 2). Thus, social rank in the schools of this species may not bring the benefit on growth to the dominant fish as reported in many salmonid species (e.g. Abbot and Dill 1989; Ruzzante 1994) .
In the rearing ponds, cannibalism among juvenile yellowtails of one batch causes high mortality (Imaizumi 1993) . Chase behaviour is observed not only in every sequence of aggressive behaviour but also in cannibalism, and cannibalism is interpreted as an final phase of aggressive behaviour (Sakakura and Tsukamoto 1996) . Size variations of body size (coefficient of variation; CV) in a rearing pond, is depressed from the onset of aggressive behaviour and cannibalism (CV < 0.2; Sakakura and Tsukamoto 1996) . Larger fish (dominants), which can cannibalize smaller fish in a school with less than 50 % of body size (Sakakura and Tsukamoto 1996) , are supposed to lose their energy in chasing other subordinates or preys, and to lose benefit for growth (Table 1) . Then, the reversal of social rank and body size of dominants shown in this study (Table 1) , may act to minimize the size variation leading to the uniformity in body size of school members. Field observation also shows that size variations in body sizes of school members are uniformed (CV = ca.0.15), and cannibalism is found among school members (Sakakura and Tsukamoto 1996) , and each school was formed by almost the same batch estimated from age composition . Therefore, aggressive behaviour and social rank in the schools of yellowtail are supposed to have a function for making the body size of school members as uniformed both in wild as well as rearing conditions. The uniformity in body size among fish school is considered that it may minimize the predation risk individually by the predator's confusion (Pitcher and Parrish 1993) . Social rank of the yellowtail seems to be inconsistent with schooling behaviour at a glance, but the balance between schooling and social rank derived from aggression regulate the size of school members as uniformed and it is interpreted as a strategy to raise the benefit of predator avoidance in early life stages. 
